Introduction
Currently, children with relapsed or metastatic solid tumors such as Ewing sarcoma, neuroblastoma, osteosarcoma, and rhabdomyosarcoma have a low overall survival rate of ,30%.
1 Of the pediatric solid tumors, neuroblastoma is the most common extracranial cancer in children and a leading cause of death in children aged 1-4 years.
Given the poor survival rates of neuroblastoma patients with refractory/relapsed disease, novel therapeutic approaches for the treatment of this disease are urgently needed.
PV-10 (Rose Bengal, 4,5,6,7-tetrachloro-2′,4′,5′,7′-tetraiodofluorescein disodium) has been previously used as a diagnostic agent to measure liver function in both adult and pediatric patients. 5, 6 Previous studies have shown that PV-10 accumulates in lysosomes 7 and induces cell death in a range of adult cancers. [8] [9] [10] [11] [12] In a Phase II clinical trial for patients with refractory metastatic melanoma, intralesional injection of PV-10 induced tumor regression with an overall response rate of 51%. 13 PV-10 also demonstrated efficacy in combination with radiotherapy in a Phase II clinical trial for patients with in-transit or metastatic melanoma, with an overall response rate of 87%.
14 In addition to inducing direct cancer cell death, PV-10 has also been shown to induce a tumor specific immune response in both mouse studies 8, 9, 15, 16 and clinical trials. 11, 13, [17] [18] [19] Recently, it has also been shown that combined treatment of melanoma bearing mice with PV-10 and antibodies to blockade the PD-1/PD-L1 pathway enhanced antitumor effect, compared to treatment with either PV-10 or antibodies to the PD-1/ PD-L1 pathway alone. 16 The efficacy of PV-10 in preclinical studies and clinical trials against adult tumors provides the rationale for studying the role of PV-10 in pediatric cancers. The objective of this investigation was to assess the activity of PV-10 against neuroblastoma in the preclinical setting.
Materials and methods cell lines and tissue culture
Neuroblastoma cell lines SK-N-AS (ATCC CRL-2137), SK-N-BE(2) (ATCC CRL-2271), SK-N-MC (ATCC HTB-10), and SK-N-SH (ATCC-HTB-11) were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). Neuroblastoma cell lines IMR5, LAN1, and SHEP were a kind gift from Dr Herman Yeger (The Hospital for Sick Children, Toronto, ON, Canada). Normal fibroblastic cell lines BJ and WI38 were a kind gift from Dr Tara Beattie (Charbonneau Cancer Institute, University of Calgary, AB, Canada). The use of gifted cell lines was approved by the University of Calgary ethics committee. Neuroblastoma cell lines are described in Table 1 which was compiled by 20 Derived from sK-n-sh. 47,XX,der(1)inv dup(1)(q11q24) inv(1) (q25q44)dup91 (q25q44),+7,add(9)(q34),der(22)t(17;22)(q21;q13) 21 sK-n-Mc neuroepithelioma Metastatic 14/F normal chromosomes n3 and n10 are absent, and many (n1, n2, n4, n15, n16, n17, n21, and n22) are monosomic. normal chromosome n8 is most often tetrasomic. The remainder of normal chromosomes were usually paired. numerous marker chromosomes are present including: 1p+, der(3)t(2;3)(q24;q27), del(4)(p12), 11q+, del(2)(q23), ampl. (17) 20 and a review of the literature. [21] [22] [23] [24] All cell lines were cultured in DMEM (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 5% (v/v) heat-inactivated FBS (Thermo Fisher Scientific), 100 units/ mL penicillin, and 100 units/mL streptomycin (Thermo Fisher Scientific). Cell cultures were maintained at 37°C in a humidified incubator with 5% CO 2 , protected from exposure to light. Lymphocytes were isolated from the bone marrow sample by density gradient centrifugation using FicollPaque Plus (GE Healthcare Life Sciences, Mississauga, ON, Canada), as described previously. 25 The primary bone marrow sample was approved by the local Research Ethics Board (Ethics ID #17184) and written informed consent was obtained. All applicable international, national, and institutional guidelines for the care and use of animals were followed. All animal procedures were carried out in accordance with the guidelines of the Canadian Council on Animal Care and the NIH guidelines on the care and use of laboratory animals. All protocols were reviewed and approved by the Animal Care Committee of the University of Calgary (Protocol approval number: AC16-0243).
Materials and reagents
PV-10 (10% solution of Rose Bengal disodium in 0.9% saline) was provided by Provectus Biopharmaceuticals Inc. (Knoxville, TN, USA) and stored and protected from light at room temperature. Stock solutions of doxorubicin, etoposide, vincristine, cisplatin, pegaspargase, irinotecan, and cytarabine were obtained from the Alberta Children's Hospital Pharmacy (Calgary, AB, Canada) and stored at room temperature and protected from exposure to light. For subsequent experiments, the drugs were diluted in DMEM plus supplements to the appropriate concentrations.
cytotoxicity assays
Cells were seeded in 96-well plates (Greiner BioOne, Monroe, NC, USA) at 5×10 3 per well in 100 µL DMEM and cultured for 24 hours. PV-10 alone or PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , pH 7.25) (vehicle control) was diluted in DMEM and 100 µL was added to each well. All treatments were run in triplicate at final concentrations ranging from 3.125 to 400 µM. Plates were cultured for 96 hours, protected from light. Wells were washed twice with PBS, 200 µL fresh DMEM was added to each well and cell viability was evaluated using the alamar blue (Thermo Fisher Scientific) cytotoxicity assay as per manufacturer's instructions. Half maximal inhibitory concentrations (IC 50 ) were determined using CompuSyn software (ComboSyn Inc., Paramus, NJ, USA). 
light microscopy

Flow cytometry
To analyze cell cycle alterations, the cells were seeded in 100 mm dishes (Corning Incorporated), so that a minimum 6 cells could be collected posttreatment. The cells were cultured for 24 hours, treated with either PBS (vehicle control) or PV-10 and cultured for either 16 or 24 hours, protected from light. Then they were collected by trypsinization, washed with PBS, filtered through a 40 µm nylon cell strainer (Falcon, Corning, NY, USA), counted by trypan blue staining using a hemocytometer, re-suspended in 0.9% (w/v) sterile NaCl, and fixed in ice-cold 90% (v/v) ethanol. Samples were incubated at room temperature for 30 minutes then stored at -20°C. For analysis, samples were centrifuged at 1,400 rpm for 5 minutes at 4°C and washed twice with ice-cold PBS. The cells were then incubated at 37°C for 20 minutes in 300 µL labeling buffer: 10 µg/mL DAPI (Sigma-Aldrich Co., St Louis, MO, USA), 200 µg/mL RNase A (Sigma-Aldrich Co.) in 0.1% Triton X-100 in PBS. The samples were run on a BD Bioscience LSR II cytometer using Diva 6.1.3 software (BD Bioscience, Mississauga, ON, Canada). The results were analyzed using ModFitLT 3.3 software (Verity Software House, Topsham, ME, USA).
Preparation of cellular extracts for Western blotting
Cells were seeded at 1×10 6 in 100 mm dishes (Corning Incorporated) and cultured for 24 hours. The cells were then treated with either PBS (vehicle control) or PV-10 and cultured for 24 hours, protected from light. Media were collected from cell cultures, and the cells were washed with PBS and collected following trypsinization. The cells were then washed in ice-cold PBS and centrifuged at 1,200 rpm at 4°C for 5 minutes. The supernatant was removed, and the pellet was resuspended in RIPA buffer (50 mM Tris-HCl (pH 8), 150 mM NaCl, 1% (v/v) NP-40, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) sodium dodecyl sulfate [SDS]) supplemented with 1% (v/v) phosphatase inhibitor (Sigma-Aldrich Co.) and 1% (v/v) protease inhibitor (Sigma-Aldrich Co.). The samples were transferred to 1.5 mL tubes, incubated on ice for 10 minutes, vortexed and centrifuged at 12,000 rpm for 10 minutes. The supernatants were collected as whole cell lysates and either used immediately or stored at -20°C.
Western blotting
Western blotting was performed as described previously. 25 Briefly, proteins were transferred to nitrocellulose membrane using a Trans-Blot Turbo Transfer System (BioRad, Montreal, QC, Canada), transfer was confirmed using Ponceau S stain (0.1% (w/v) in 5% (v/v) acetic acid) and the membranes were blocked in 5% skim milk in Tris-buffered saline with 0.1% (v/v) Tween-20 (TBS-T; 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% (v/v) Tween-20) at room temperature for 2 hours. The membranes were incubated overnight at 4°C with the following primary antibodies diluted in 5% (w/v) skim milk in TBS-T: anti-poly-(ADPribose) polymerase (PARP) (1:3,000, 9542S; Cell Signaling Technology, Whitby, ON, Canada), anti-caspase 3 (1:500, 9662S; Cell Signaling Technology), anti-caspase 7 (1:1,000, 9492S; Cell Signaling Technology), anti-caspase 9 (1:1,000, 9502S; Cell Signaling Technology), and anti-β-actin (1:5,000, 8457L; Cell Signaling Technology). Membranes were washed three times with TBS-T, incubated with antirabbit secondary antibody (1:3,000, 7074S, Cell Signaling Technology), washed three times with TBS-T, incubated with Western Lightning Plus-ECL reagent (PerkinElmer Inc., Waltham, MA, USA) for 2 minutes, and developed using the chemiluminescence setting on a ChemiDoc MP Imaging System (BioRad).
combination screens
The cells were cultured as described for cytotoxicity assays. Test drugs (doxorubicin, etoposide, vincristine, cisplatin, pegaspargase, irinotecan, and cytarabine) were prepared at a final concentration of 0.1 µM in media containing either PBS (vehicle control) or PV-10 (50 µM final). Treatments were added to cells in triplicate. Plates were cultured and washed, and cell viability was analyzed by alamar blue, as described for cytotoxicity assays.
combination studies
The cells were cultured as described for cytotoxicity assays. Dilution series of test drugs (doxorubicin, etoposide, and vincristine) were prepared in DMEM containing either PBS (vehicle control) or PV-10 (50 µM final) and added to cells in triplicate. Plates were cultured and washed, and cell viability was analyzed by alamar blue, as described for cytotoxicity assays. Combination indices (CIs) for IC 50 of test drug in combination with 50 µM PV-10 were calculated using CompuSyn software (ComboSyn Inc, Paramus, NJ, USA). CI values were scored according to the following criteria CI ,1 indicated synergistic activity, CI =1 indicated additive activity, and CI .1 indicated antagonistic activity. 1,000 Elite (MDS Nordion, Kanata, ON, Canada) and cultured for 92 hours in the dark. Treatments were run in triplicate. Dishes were washed twice with PBS and cell viability was analyzed by alamar blue, as described for cytotoxicity assays.
in vivo xenograft models
All animal procedures were carried out in accordance with the guidelines of the Canadian Council on Animal Care and the NIH guidelines on the care and use of laboratory animals. All protocols were reviewed and approved by the Animal Care Committee of the University of Calgary (Protocol approval number: AC16-0243).
IMR5-mCherryFluc and SK-N-AS-mCherryFluc cells were used in the animal studies. These cell lines stably expressed enhanced firefly luciferase and mCherry on a self-inactivating lentiviral vector encoding the internal U3 region from murine stem cell virus (mscv), enhanced firefly luciferase (effLuc), the internal ribosomal entry site (IRES) element from encephalomyocarditis virus (emcv), and mCherry.
Six-to eight-week-old female CB17 severe combined immunodeficiency (SCID) mice (Charles River Laboratories, Saint-Constant, QC, Canada) were subcutaneously injected in the right flank with 2.5×10 6 cells (SK-N-ASmCherryFluc or IMR5mCherryFluc) suspended in 0.1 mL Matrigel Matrix (Thermo Fisher Scientific) (day 0). After tumor injection, animals with detectable tumor growth of at least 25 mm 2 were randomized into treatment groups. The groups were treated with either 50 µL PBS (vehicle control) or 50 µL PV-10 or 25 µL PV-10 by intralesional injection, according to a previously established protocol. 9 Animals were monitored daily and tumor areas were determined with a Vernier caliper. When tumors reached the defined end point of 225 mm 2 , mice were euthanized. Animals that remained tumor free were kept for 120 days posttreatment. Tumor growth was also monitored using the Xenogen IVIS 200 system (Xenogen Corporation, Alameda, CA, USA). Mice were imaged to document bioluminescent signal emitted from tumors, following intraperitoneal injection of D-Luciferin (Gold Biotechnology, Olivette, MO, USA). Data were analyzed by determining total photon flux emission (photons/s) in the region of interest, as per established methods. 27 
statistical analysis
Data were analyzed from three independent experiments, unless stated otherwise in the figure legends. Data were plotted as mean ± standard errors of the mean. Data were analyzed using GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, CA, USA). Values were considered significantly different when P,0.05.
Results
PV-10 inhibits growth of neuroblastoma cell lines
To determine the effects of PV-10 on neuroblastoma, we treated neuroblastoma ( Figure 1A ) (described in Table 1 ) and normal fibroblast ( Figure 1B ) cell lines and a normal primary bone marrow sample ( Figure 1B ) with a range of concentrations of PV-10 (3.125-400 µM) for 96 hours and cell viability was measured using alamar blue. PV-10 decreased cell viability in a concentration-dependent manner in all cell lines tested. We calculated IC 50 values for the neuroblastoma cell lines (Table 2) , and the values ranged from 49 to 85 µM, with a mean of 71 µM ( Figure 1C ). By contrast, IC 50 values for the normal fibroblast cell lines and primary bone marrow sample (Table 3 ) were higher and ranged from 93 to 143 µM, with a mean of 124 µM ( Figure 1C ).
PV-10 is cytotoxic to neuroblastoma cell lines
We next investigated whether PV-10 was cytotoxic or cytostatic to neuroblastoma cell lines. We chose to study two different cell lines (SK-N-AS and IMR5), which had different sensitivities to PV-10, based on IC 50 values, and different gene mutations and copy number variation. Cells were treated with either PBS (vehicle control) or 50, 100, or 150 µM PV-10 for 96 hours and observed at 24 and 96 hours posttreatment by phase-contrast light microscopy ( Figure 2A Previously, PV-10 has been shown to induce loss of lysosome integrity. 7 We therefore treated SK-N-AS and IMR5 cells with either PBS (vehicle control) or 100 µM PV-10 for 6 hours, stained live cells with the nucleic acid stain Hoechst 33342 and LysoTracker Green DND-26 (which concentrates and fluoresces in acidic organelles) and observed cells by fluorescence microscopy ( Figure 3A) . In PBS-treated SK-N-AS and IMR5 cells and in SK-N-AS PV-10-treated cells, lysosomes were visible as specific foci. By contrast, lysosomal foci were no longer visible in PV-10-treated IMR5 cells. As SK-N-AS cells were less sensitive to PV-10 than IMR5 cells, we next observed lysosomes in SK-N-AS cells treated for 6 hours with an increased concentration of PV-10 (200 µM) ( Figure 3B Figure 4C ). At 6 hours, no changes in cell cycle distribution between treated and untreated SK-N-AS cells were observed. However, at 16 hours, there was a 31% decrease in S phase cells corresponding to a 17% increase in G1 phase cells and a 14% increase in G2/M phase cells. Likewise, at 24 hours, there was a 35% decrease in S phase cells corresponding to a 13% increase in G1 phase cells and a 22% increase in G2/M phase cells. These results show that treatment with PV-10 leads to a time-dependent increase in G1 phase cells and decrease in S phase cells, in both the cell lines. In addition, PV-10 has cell line-specific effects on the cell cycle, as the treatment increased the percentage of G2/M cells in SK-N-AS but not IMR5 cells.
Treatment with PV-10 induces cancer cell apoptosis
Analysis by Western blotting was then performed to investigate if PV-10-treated cells were undergoing apoptosis. SK-N-AS and IMR5 cells were treated with either PBS (vehicle control) or 75 or 100 µM PV-10 for 24 hours. Total cell extracts were analyzed by Western blotting to detect the levels of total and cleaved poly (ADP-ribose) polymerase (PARP), total and cleaved caspase 3, total and cleaved caspase 7, total and cleaved caspase 9 and actin (loading control) ( Figure 4D ).
PV-10 treatment showed concentration-dependent cleavage of PARP. Treatment with 100 µM PV-10 induced PARP cleavage in both of the cell lines. SK-N-AS cells treated with 75 µM PV-10 showed less PARP cleavage than cells treated with 100 µM PV-10, whereas IMR5 cells had similar levels of PARP cleavage when treated with 75 and 100 µM PV-10. Activation of caspases 3, 7, and 9 was dependent on PV-10 concentration and the cell line. Cleaved caspase 3 was present in IMR5 cells treated with 100 µM PV-10. Levels of total caspase 7 were lower in IMR5 cells treated with both 75 and 100 µM PV-10 compared to untreated cells and cleaved caspase 7 was detected in SK-N-AS cells treated with 100 µM PV-10 and in IMR5 cells treated with 75 and 100 µM PV-10. Levels of total caspase 9 were lower in 75 and 100 µM PV-10-treated IMR5 cells than in untreated cells and cleaved caspase 9 was also detected in these samples. These data indicated that the cell death induced by PV-10 was via apoptosis.
PV-10 is synergistic with different anticancer agents
To investigate which commonly used anticancer drugs could be combined with PV-10 to enhance cytotoxicity, we first screened SK-N-AS and IMR5 cells against a panel of seven conventional chemotherapeutic agents, with different mechanisms of action ( Figure 5 ). All the agents were screened at 0.1 µM, alone and in combination with the sub-cytotoxic concentration of 50 µM PV-10, and cell viability was determined using the alamar blue assay, 96 hours posttreatment. Based on these results, the agents that showed the largest increase in cytotoxicity when combined were selected for further study to determine CIs and synergy. Agents evaluated for CI studies were doxorubicin, etoposide, and vincristine. SK-N-AS and IMR5 cells were treated with doxorubicin, etoposide, or vincristine alone or in combination with 50 µM PV-10, and cell viability was determined using the alamar blue assay, 96 hours posttreatment. All the agents demonstrated synergism with 50 µM PV-10 (Table 4) .
PV-10 induces radiosensitivity in neuroblastoma cell lines
In addition to conventional chemotherapeutic agents, we investigated if PV-10 enhanced the effect of treatment with ionizing radiation (IR) in SK-N-AS ( Figure 6A ) and IMR5 ( Figure 6B ) cells. Cells were pretreated for 4 hours with either PBS (vehicle control) or 50 µM PV-10 and then irradiated with 0.5, 1, or 2 Gy. Cell viability was measured by alamar blue 96 hours after initial treatment. Pretreatment with 50 µM PV-10 enhanced the effect of IR in both SK-N-AS and IMR5 cells. For SK-N-AS cells, cell viability decreased by 54.8%, 58.7%, and 60% when cells were pretreated with PV-10 for 4 hours prior to irradiation with 0.5, 1, or 2 Gy, respectively, compared to irradiation alone. For IMR5 cells, cell viability decreased by 24%, 21%, and 13% when cells were pretreated with PV-10 for 4 hours prior to irradiation with 0.5, 1, or 2 Gy, respectively, compared to irradiation alone. Figure 7F ). Control-treated mice had a median survival of 29 days, whereas 25 µL PV-10-treated mice survived a median of 37 days and 50 µL PV-10-treated mice survived a median of 36 days. In addition, one mouse treated with 50 µL PV-10 underwent complete tumor regression and remained tumor free for 120 days following treatment.
Discussion
The overall survival rate for children with pediatric solid tumors is lower than that for children with hematological malignancies. 1 The most common extracranial pediatric solid tumor is neuroblastoma, which is a leading cause of death in children aged 1-4 years. 2 Given the poor survival rates of patients with neuroblastoma, and the morbidities associated with the intensive treatment regimens administered to high-risk and relapsed patients, there is an urgent unmet need to develop novel therapeutic approaches and early phase clinical trials for neuroblastoma patients. PV-10 has been shown to demonstrate cytotoxicity and antitumor activity in a range of adult cancers, but has not previously been tested on pediatric cancers. [8] [9] [10] [11] [12] As PV-10 induced cell death in different adult cancers, has been assessed in several clinical trials, 11, 13, [17] [18] [19] and because Rose Bengal has previously been administered to pediatric patients to diagnose infantile jaundice without inducing any severe side effects, 6 we investigated the effects of PV-10 on different neuroblastoma cell lines. PV-10 decreased cell viability in neuroblastoma cell lines in a concentration-dependent manner. Normal fibroblast cell lines and a primary bone marrow sample were less sensitive to PV-10. These data are similar to previously published results, where concentrations of PV-10 between 100 and 200 µM were cytotoxic to colon, ovarian, and gastric cancer cell lines 8, 10, 12 but were not cytotoxic to normal mouse fibroblasts (NIH 3T3) 12 and indicate that PV-10 could be an effective treatment for neuroblastoma.
To characterize the target modulation of PV-10, we focused on two neuroblastoma cell lines (SK-N-AS and IMR5) with different genetic backgrounds and different tumor histories. Neuroblastoma is a genetically heterogeneous disease and the different cell lines were chosen to reflect this. The most common oncogenic drivers in neuroblastoma are MYCN amplification, which is seen in ~25% of patients, anaplastic lymphoma kinase (ALK) mutation and amplification which is seen in ~10%-15% of patients and mutations in TP53 acquired at relapse. 2 Using the COS-MIC Cell Lines Project 20 and a recently published study, 28 we identified that SK-N-AS cells have mutated neuroblastoma RAS viral oncogene homolog (NRAS), while IMR5 cells have copy number gain of ALK and MYCN, overexpress Akt3, and have a homozygous mutation of mechanistic target of rapamycin (MTOR). In addition, the SK-N-AS cell line was derived from a metastatic tumor while the IMR5 cell line was derived from a primary tumor. By phase-contrast microscopy, we found that PV-10 was cytotoxic to neuroblastoma cells and consistent with our IC 50 values, we identified that SK-N-AS cells were less sensitive to treatment than IMR5 cells. These data were verified by time-lapse video microscopy which again showed that SK-N-AS cells were less sensitive to treatment than IMR5 cells. Despite the differences in sensitivity to 100 µM PV-10 at early times, this concentration was still cytotoxic to most SK-N-AS cells at 96 hours and increasing the dose to 200 µM further increased SK-N-AS cell death. These data, and cytotoxicity results from the alamar blue assay using multiple cell lines from different tumors, suggest that PV-10 could be an effective treatment for all neuroblastoma, including primary, relapsed, and metastatic disease, although doses may need to be higher for some sub-types.
It has previously been shown, by multiphoton microscopy, that PV-10 acts by disrupting lysosomes in hepatoma cells, leading to cell death. 7 The disruption of lysosomes specifically affects cancer cell survival because cancer cells have an altered metabolism and can depend on lysosomes for the recycling of nutrients and removal of the products of rapid growth and division, such as aggregated proteins and damaged organelles. or apoptosis. 29 To investigate the effect of PV-10 on lysosomes in neuroblastoma, we observed cells stained with LysoTracker Green DND-26, which concentrates and fluoresces in acidic organelles. Supporting previous data, 7 we found that lysosomes appeared as distinct foci in PBS-treated SK-N-AS and IMR5 cells, but were absent in 100 µM PV-10-treated In human adult cancer cell lines, PV-10 induces cell death by different mechanisms in a cell line-dependent manner. PV-10 induced cell death by primary necrosis in SW480 colorectal adenocarcinoma cells, 8 by a combination of apoptosis and necrosis in HCT-116 colorectal carcinoma and HT-29 colorectal adenocarcinoma cell lines, 8 and in three human primary melanoma cell samples 15 and by primarily apoptosis in UWB ovarian carcinoma cells 10 and AGS gastric adenocarcinoma cells. 12 Similar to the results using ovarian carcinoma and gastric adenocarcinoma cells, we identified that treatment with PV-10 induced apoptosis in a concentration-dependent manner in both SK-N-AS and IMR5 neuroblastoma cell lines. Our studies, alongside previously published data, suggest that while PV-10 is cytotoxic to a range of different cancers, its target modulatory effects in these cancers may be different.
Although single agent PV-10 has demonstrated efficacy in clinical trials and preclinical studies, high-risk neuroblastoma patients are treated with multiple chemotherapies and radiation following relapse. 2 We therefore investigated the potential of PV-10 in combined treatment regimens with commonly used chemotherapeutic agents. Following initial screens, we identified that a sub-cytotoxic dose of PV-10 (50 µM) was synergistic with doxorubicin, etoposide, and vincristine in both the cell lines tested (SK-N-AS and IMR5). In addition, pretreatment with PV-10 before irradiation improved the efficacy of radiation treatment for both SK-N-AS and IMR5 cells. These data are consistent with previous data where, in a Phase II clinical trial, pretreatment of adult melanoma patients with PV-10 followed by radiotherapy, induced tumor regression without a large increase in toxicity to patients. 14 Our results indicate that PV-10 could be effectively combined with different commonly used treatments, to benefit high-risk patients with relapsed neuroblastoma.
Intralesional injection of PV-10 has previously been shown to induce regression of subcutaneous syngeneic colon tumors, 8 syngeneic subcutaneous breast tumors, 9 and melanoma. 9, 15 Having identified that PV-10 was cytotoxic to pediatric solid tumor cell lines in vitro, we investigated the activity of PV-10 in vivo using subcutaneous neuroblastoma xenografts in mice. Similar to previous studies, we found that pharmacologically relevant doses 13, 14, 18 of PV-10-induced tumor regression and increased survival in a dose-and tumor-dependent manner.
Injection of 25 and 50 µL PV-10 induced early tumor regression, with 50 µL PV-10 increasing overall survival in mice with either SK-N-AS or IMR5 tumors.
Our studies provide preclinical proof-of-concept data on the efficacy of PV-10 in neuroblastoma. Mechanistically, we have found that PV-10 acts by disrupting lysosomes, inducing cell cycle changes and initiating cell death by apoptosis. We have also identified several commonly used treatments with which PV-10 shows synergistic activity. Furthermore, we have validated the efficacy of PV-10 in vivo, using neuroblastoma xenograft mouse experiments. Our experiments, carried out in representative cell lines and in vivo in immunocompromised mice, provide evidence for the direct cytotoxic potential of PV-10, as well as mechanisms by which this agent may induce target modulatory effects in cancer cells. We have also identified agents that can be combined to generate treatment synergy, providing the framework for the formulation of early phase clinical trials. This, in addition to the expected immunostimulatory effect of PV-10 described previously, 15, 16 provides support for a potential approach where a PV-10 backbone regimen can be combined with agents such as immune checkpoint inhibitors to further enhance its activity in patients with relapsed or refractory neuroblastoma.
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